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Abstract 27
The underlying genetic changes that regulate the appearance and disappearance of 28 repeated traits, or serial homologs, remain poorly understood. One hypothesis is 29 that variation in genomic regions flanking master regulatory genes, also known as 30 input-output genes, controls variation in trait number, making the locus of 31 evolution almost predictable. Other hypotheses implicate genetic variation in up-32 stream or downstream loci of master control genes. Here, we use the butterfly 33
Bicyclus anynana, a species which exhibits natural variation in eyespot number 34 on the dorsal hindwing, to test these two hypotheses. We first estimated the 35 heritability of dorsal hindwing eyespot number by breeding multiple butterfly 36 families differing in eyespot number, and regressing eyespot number of offspring 37 on mid-parent values. We then estimated the number and identity of independent 38 genetic loci contributing to eyespot number variation by performing a genome-39 wide association study with restriction site-associated DNA Sequencing (RAD-seq) 40 from multiple individuals varying in number of eyespots sampled across a freely 41 breeding lab population. We found that dorsal hindwing eyespot number has a 42 moderately high heritability of approximately 0.50. In addition, multiple loci near 43 previously identified genes involved in eyespot development display high 44 association with dorsal hindwing eyespot number, suggesting that homolog 45 number variation is likely determined by regulatory changes at multiple loci that 46 build the trait and not by variation at single master regulators or input-output 47 genes. 48 Introduction 49 Body plans often evolve through changes in the number of repeated parts or serial 50 homologs by either addition or subtraction. For instance, the pelvic fins of 51 vertebrates are inferred to have originated by addition to a body plan displaying 52 only pectoral fins, perhaps via co-option of the pectoral or caudal fin 53 developmental programs to a novel location in the body (Ruvinsky and Gibson-54 Brown 2000; Larouche et al. 2017) . In insects, the absence of limbs and wings in 55 the abdomen is inferred to be due to a process of subtraction, i.e. via the repression 56 or modification of limbs and wings in these segments by hox genes (Galant and 57 Carroll 2002; Ronshaugen et al. 2002; Tomoyasu et al. 2005; Ohde et al. 2013) . 58 Regulatory targets of abdominal hox genes are likely to underlie loss of limb/wing 59 number in these body segments (Tomoyasu et al. 2005; Ohde et al. 2013) , 60 although these mutations have not yet been identified. Thus, while serial homolog 61 number variation is a common feature in the evolution of organisms' body plans, 62 the underlying genetic changes that regulate the appearance and disappearance of 63 these repeated traits remain poorly understood. 64 65 Studies in Drosophila have contributed most to the identification of the genetic 66 basis underlying the evolution of serial homolog number. Larvae of different 67 species have different numbers of small hairs, or trichomes, in their bodies, and 68 variation in regulatory DNA around the gene shavenbaby appears to be largely 69 responsible for this variation (McGregor et al. 2007) . Moreover, shavenbaby has 70 been labeled a master regulatory gene because its ectopic expression in bare 71 affect eyespot number on other wing surfaces. Genetic and developmental studies 117 on eyespot number variation in this species suggest the existence of at least two 118 7 different underlying molecular mechanisms. Spontaneous mutants such as Spotty 119 (Brakefield and French 1993; Monteiro et al. 1997 Monteiro et al. , 2013 , Missing (Monteiro et 120 al. 2007) , P-and A- (Beldade et al. 2008) , or X-ray induced mutations such as 3+4 121 (Monteiro et al. 2003) , segregate as single Mendelian alleles, and cause discrete 122 and obvious changes in eyespot number or affect the size of very specific eyespots. 123
On the other hand, multiple alleles of small effect likely regulate the presence or 124 absence of small eyespots that sometimes appear between the typical two eyespots 125 on the forewing, or on the most posterior wing sector of the ventral hindwing. This 126 type of eyespot number variation is positively correlated with eyespot size 127 variation, responds readily to artificial selection on eyespot size (Holloway et al. 128 1993; Monteiro et al. 1994; Beldade and Brakefield 2003) , and is likely under the 129 regulation of a threshold type mechanism (Brakefield and van Noordwijk 1985) . 130 expressed exclusively on the dorsal wing surfaces and its mutation via Cas9 led to dorsal wing surfaces acquiring a ventral identity, which included 144 additional eyespots. This study indicated that apA is a repressor of eyespots on the 145 dorsal surface. However, B. anynana, has eyespots on dorsal wing surfaces and 146 their presence and variation in number appears to be correlated with variation in 147 the number of small circular patches, positioned at future eyespot centers, lacking 148 apA expression (Prakash and Monteiro 2018) . This suggests that genetic variation 149 at loci that modulate the expression of apA in eyespot centers on the dorsal surface, 150 or genetic variation in regulatory regions of apA itself, might be involved in 151 regulating eyespot number specifically on the dorsal surface of wings. 152
153
The genetic architecture of eyespot number variation in any butterfly species 154 remains unknown. Here, we examine the genetic basis of dorsal hindwing eyespot 155 number (DHEN) variation in B. anynana. We carried out two sets of experiments. 156
We first estimated the heritability for this trait by breeding multiple butterfly 157 families differing in eyespot number and regressing eyespot number of offspring 158 on mid-parent values. Then we estimated the number and identity of independent 159 genetic loci that are contributing to variation in this trait by performing a genome-160 wide association study with restriction site-associated DNA Sequencing (RAD-seq) 161 from multiple individuals varying in number of eyespots sampled across a freely 162 breeding lab population. 163
Materials and Methods

Study organism 166
Bicyclus anynana is a Nymphalid butterfly common to sub-tropical Africa for 167 which a colony has been maintained in the laboratory since 1988. All Bicyclus 168
anynana butterflies used in this study were collected from a colony established in 169 New Haven, CT (Yale University), composed of an admixed population of 170 numerous generations of freely breeding individuals with variable dorsal hindwing 171 eyespot number phenotypes. Individuals from this colony originated from an 172 artificial colony established in Leiden University, from numerous gravid females 173 collected in Malawi in 1988. These laboratory populations have been maintained 174 at relatively high populations sizes, and females preferentially avoid mating with 175 inbred males (van Bergen et al. 2013) , which facilitates the relatively high levels of 176 heterozygosity detected several years post establishment (Saccheri and Bruford 177 1993; Saccheri et al. 1996) . The colony was kept in controlled conditions of 12 178 hours light/dark cycles, 80% relative humidity and a temperature of 27 o C. Larvae 179 were fed on corn plants and adult butterflies on mashed banana, as described in 180 previous publications (Westerman et al. 2014) . 181 182
Heritability of dorsal hindwing eyespot number 183
We examined the number of dorsal hindwing eyespots (DHEN) on all offspring 184 from 18 separately reared families whose parents differed in eyespot number: six 185 families where both parents had DHEN of zero (0F x 0M); six where both parents 186 had DHEN of one (1F x 1M); and six where both parents had DHEN of two (2F x 187 2M). All generations were reared in the conditions described above. We ensured 188 virginity of the females by separating the butterflies in the parental generation into 189 sex-specific cages on the day of eclosion. All families were started within 5 days of 190 each other using adults ranging from 1-3 days old. While initial adult age ranged 191 from 1-3 days, the average age was consistent across the three DHEN treatments 192 (ANOVA, n=18, DF=2, F=0.8266, p=0.4565 calculate the correlation between breeding values of mates (m = rh 2 ), with ℎ = 207 h 2 [(1-m)/(1+mh 2 )] as described in Falconer & Mackay (1996) . Estimates were 208 obtained for the pooled offspring data as well as for separate regressions of female 209 and male offspring data on mid-parent values. Sex-specific heritabilities were 210 calculated using the correction for unequal variances in the two sexes (for example, 211 regression of daughter on father, adjusted regression h' = bσm/σf with σm/σf the 212 ratio of phenotypic standard deviations of males to females) (Falconer and Mackay 213 1996) . Given the known effect of sex on DHEN (Westerman et al. 2014) , we then 214 also tested for an interaction of parental phenotype and offspring sex on offspring 215 phenotype using a general linear model, with sex, parental phenotype, and 216 sex*parental phenotype as fixed variables. 217 218
Sample collection and phenotype determination for genomic 219 association study 220
To identify regions in the genome that are associated with DHEN variation, we 221 collected and sequenced a total of 30 individuals from the previously described 222 laboratory population. Fifteen individuals contained no eyespots (absence) and 15 223 containing two or more eyespots (presence) ( Table S1 ). Both groups contained an 224 assorted number of male and female individuals. Wings of the collected individuals 225 were removed, and the bodies were preserved in ethanol for DNA extraction. 
Reference alignment 254
The 111 million retained read pairs were aligned to the most recent B. anynana 255 genome assembly (v1.2)shiv with its corresponding annotation (Nowell et al. 256 2017) . This reference assembly is highly fragmented and composed of 10,800 257 scaffolds with an N50 of 638.3 Kb, a total assembly size of 475 Mb, and 22,642 258 annotated genes. Filtered reads were aligned to the reference genome using BWA 259 In parallel, the filtered mapped reads were genotyped using Stacks v1.42 (Catchen 282 et al. 2011 (Catchen 282 et al. , 2013 . Using the ref_map.pl wrapper script with default parameters, 283 RAD loci were assembled from the mapped reads using pstacks. A catalog of all 284 loci was generated with cstacks and samples were matched to this catalog using 285 sstacks. The populations program was then run on this catalog to generate 286 population genetic measures, enabling the calculation of FST statistics. For a 287 variant to be included in the analysis, it had to be present in both study groups 288 (p=2) in over 75% percent of individuals (r=0.75) and have a minimum allele 289 frequency above 0.05. Using Stacks we reconstructed 207,752 RAD loci and 290 673,340 raw SNPs. After filtering, 73,159 RAD loci and 238,786 SNPs were 291 retained. Filtered variants obtained from both datasets were compared to retain 292 only SNPs with support from both genotyping methods. A total of 216,338 SNPs 293 were shared between the two datasets and were used for subsequent comparisons. Stacks run, we enabled the --plink flag to output our 216 thousand variant sites 303
into Plink's .map and .ped format for use in the association analysis. The generated 304
.map and .ped files were converted to binary .bed files using Plink v1.90b6.9 305 (Purcell et al. 2007; Clarke et al. 2011) , in addition to adding phenotype 306 information to all samples. From this, we generated a relatedness matrix of all 307 individuals using GEMMA v0.98.1 (Zhou and Stephens 2012, 2014) , which was 308 used as one of the parameters of a GEMMA univariate linear mixed model. We 309 used the p-values of the likelihood ratio tests as the basis of the phenotype to 310 genotype association. 311 312
Selection of candidate loci 313
To minimize the identification of false genotype-to-phenotype relationships, only 314 areas of the genome displaying both association and FST outliers were used for 315 further analysis. The use of both metrics simultaneously ensured that the 316 relationships observed are method agnostic. This multi-metric approach, 317 including a combination of association and FST outliers, has been utilized 318 repeatedly to identify genomic regions associated with domestication in both dogs association for all variants (Fig. S1 ). Significant peaks were defined as areas of the 325 genome with SNPs containing association and FST 6 standard deviations above the 326 genome-wide mean. A second threshold was established for variants with p-value 327 association and FST at least 7 standard deviations above the mean. We explored all 328 annotated genes within a 500 kb window centered around outlier SNPs, and 329 especially under the strongest associated peak area. To identify direct effects of the 330 outlier SNPs over the genes within these windows, we annotated the variants using 331 corroborates that the observed genomic diversity lacks potential substructuring 340 that could impact our outlier identification. To do this, we randomly selected a 341 subset of 5000 filtered variants from the Stacks catalog and made them into a 342 whitelist, as described by the Stacks manual and by Rochette & Catchen (2017) . 343
We then ran the populations module on this subset of variants with the addition 344 Zero spot females were only produced by 0x0 families and one 1x1 family, and were 395 absent from any 2x2 DHS families. Zero spot males, however, were produced by 396 all 0x0 families, all but one of the 1x1 families and all but one of the 2x2 families. 397
Two spot females were produced by all but one (a 0x0) family, while 2 spot males 398
were produced by all 2x2 families, but only two 1x1 families and one 0x0 family 399 ( To confirm the absence of substructure in our study population, we calculated 413 measures of genetic variation and diversity between the samples displaying 414 presence of DHEN (pre) and samples with absent DHEN (abs). As expected, the 415 two groups showed very little genome-wide genetic divergence, with a genome-416
wide FST equal to 0.0075. The absence of any population substructure between the 417 two sampled phenotype groups was further demonstrated by complete overlap of 418 the two groups in the PCA as well as little contribution of phenotype group to the 419 observed variation in first and second Principal Components ( Fig. 2A) . 420
Additionally, we observed very similar genome-wide nucleotide diversity in the 421 group displaying presence of DHEN (pre, π = 0.0090) when compared to the group 422 with absent DHEN (abs, π = 0.0083). Hence, we do not observe any apparent 423 demographic substructuring of the study population that could potentially bias our 424 genetic association analysis. Further, potential relatedness of individuals in our 425 sampling was controlled for by the addition of a relatedness matrix in the 426 generation of the linear mixed model used for testing association. 427
428
After calculating genome-wide estimates of linkage disequilibrium decay (Fig. 2B) , 429
we observed a max smoothed r 2 value of 0.272, and a halving of r 2 within 470 kb 430 ( Fig. 2B ). This window size suggests that average linkage blocks are around 500 Kb 431 in length, and that variants within this distance may be in strong linkage with DHEN variation at least 6 standard deviations above the mean FST and 443 association estimates. These SNPs span 28.5 Mb (6.01 %) of the reference genome 444 assembly (Fig. 3) . When using a more stringent threshold at 7 standard deviations, 445
we observe a total of 28 outlier SNPs in 8 scaffolds, spanning 7.78 Mb (1.64%) of 446 the genome. Ordering these scaffolds along the contiguously assembled 447
Heliconius melpomene genome suggests that the 25 scaffolds with outlier SNPs 448 above 6 standard deviations from the mean FST and association belong to 21 449 different regions in the genome, whereas the smaller subset of 8 scaffolds that have 450 outlier SNPs above 7 standard deviations belong to 6 different regions in the 451 genome ( Fig. 4) . 452 453
Candidate gene identification 454
Using the available Lepbase reference annotation for the B. anynana v1.2 455 assembly we identified the neighboring annotated genes and relative positioning 456 of the 99 outlier SNPs on the 21 genomic regions. We observed a total of 742 457 annotated genes within our 500 kb windows around the outlier SNPs 458
( Supplemental Table S2 ), of which 251 remained with the 28 outlier SNPs that are 459 above the higher 7 standard deviation threshold. Only 25 of these 742 genes 460 contained outlier SNPs in their introns or exons (Table 3, supplemental Table S2) . 461
On average, our outlier SNPs are 189 kb (±144 kb) from the nearest gene. This 462 suggest that a significant portion of our outliers are intergenic and potentially 463 associated with regulatory variants. Only a few SNPs mapped within a gene's 464 coding sequence, of which 9 resulted in synonymous and 2 in non-synonymous 465 mutations (Table 3 , Supplemental Table S2 ). Thus, in order to identify the most 466 promising candidate genes that may be linked to the non-coding associated SNPs 467 and regulating DHEN, we used our current knowledge of butterfly developmental 468 genetics and identified 35 such genes (Table 2, Figure 4 ). Among those, 7 469 candidates were previously associated with eyespot development, i.e., CDase, Dpp, 470
Antp, Ubx, Sal3, Cd63, and Syntaxin 7, and the remaining 28 are linked to eyespot 471 number variation here for the first time ( Table 2) . The latter include genes related 472
to Notch, Toll, and Ras signaling pathways, wing morphogenesis, dorso/ventral 473 pattern formation, and pigment biosynthesis and a number of molecules with 474 regulatory and signaling functions ( Table 2) . Campbell, Poelstra, & Yoder, 2018; Narum, Buerkle, Davey, Miller, & Hohenlohe, 483 2013; Rellstab, Gugerli, Eckert, Hancock, & Holderegger, 2015) . In our work, we 484 applied a population genomics approach to characterize the genetic basis of dorsal 485 hindwing eyespot number (DHEN) variation in the butterfly B. anynana via the 486 comparison of genomic diversity between individuals from a single laboratory-487 maintained, freely breeding population, that display moderate to high narrow-488 sense DHEN heritability. Like natural populations, we demonstrated that the 489 laboratory population maintains homogenization of the genetic variation across 490 the genome due to a lack of demographic substructuring, and thus provides a 491 powerful system to detect associations between SNPs and the trait of interest 492 (DHEN variation). 493
The combined results of our heritability and genome-wide association study 495 suggest that variation in dorsal hindwing eyespot number in B. anynana is a 496 complex trait regulated by multiple loci. Combining a RAD sequencing genotyping 497 approach with genome-wide population differentiation and association mapping, 498
we identified up to 21 and 6 genomic regions associated with DHEN variation in 499 B. anynana, at different levels of stringency (Figure 3 and 4) . Within the 21 500 genomic regions, we observed a total of 742 annotated genes (Supplemental Table  501 2), which we narrowed down to 35 potential candidates (Table 2) . Within the 502 stronger associated 6 genomic regions (Figure 4) , we reduced the list of potential 503 candidate genes to a total of 11 (Table 2 ). Below we address the possible 504 relationship of these candidates with eyespot development and DHEN variation. 505 506
Known eyespot developmental genes associated to DHEN variation 507
Among our identified candidates, we observed a total of seven genes previously 508 implicated in eyespot development in B. anynana: CDase, Dpp, Antp, Ubx, Sal3, 509 Cd63, and Syntaxin 7 (Brunetti et al. 2001; Tong et al. 2014; Özsu and Monteiro 510 2017; Connahs et al. 2019) (Table 2) . From these, only dpp and Cd63 remained 511 associated at the highest significant threshold of 7 SD. Most of these genes are 512 within or near the area of strongest association, and only Cd63 has an associated 513 SNP within an intron (Table 3 and 
1999) led to eyespot enlargements (of Cu1 hindwing eyespots to sizes that match 539
Cu1 forewing eyespot sizes). These results suggest a repressing role of Ubx for 540 eyespots on the hindwing. Genetic variation at Ubx might contribute to eyespot 541 number variation via a threshold-like mechanism acting on eyespot size. Sal-like 542 protein 3, SALL3, also known as Spalt (Sal; BANY.1.2.g09546) is a transcription 543 factor that is expressed in eyespot and spot centers in a variety of butterflies 544 including B. anynana (Brunetti et al. 2001; Oliver et al. 2012; Shirai et al. 2012) 545 and was recently shown to be required for eyespot development in both V. cardui 546 and J. coenia butterflies (Zhang and Reed 2016). The trespanin Cd63 (Cd63; 547 BANY.1.2.g12275) is a protein associated with exosomes, which in turn have been 548 associated with wingless signaling in Drosophila (Beckett et al. 2013 ). This gene is 549 the only candidate previously characterized as up-regulated in eyespots (Özsu and 550
Monteiro 2017) to contain an association within its gene module, and more 551 specifically a SNP in its 2nd intron. Lastly, Syntaxin 7 (Stx7; BANY.1.2.g20777) 552 has a similar function to Syntaxin 1a, a gene that is down-regulated in eyespots 553 (Özsu and Monteiro 2017). Genetic variation either linked with the protein coding 554 sequence of these genes, or more likely with their regulatory region is likely 555 affecting eyespot number variation in hindwings. 556 557
Novel candidate genes associated to DHEN variation 558
In addition to the above eyespot-associated genes, we also identified a group of 28 559 candidates that have not been associated with eyespot development before. 560 However, many of these genes are part of signaling pathways previously associated 561 with eyespot development such as the Notch, Ras, and Toll signaling pathways 562 ( (Cheah et al. 2000; Tien et al. 2008; Li et al. 2009b) . 570
The gene ct is the only one of these genes with an associated SNP, causing a 571 synonymous mutation. The existence and role of these interactions are unknown 572 in B. anynana, as is the role of the Notch receptor itself. However, the Notch 573 receptor has a dynamic pattern of expression (Reed and Serfas 2004) that is very 574 similar to that of Distal-less, a gene that has recently been implicated in setting up 575 the eyespot centers likely via a reaction-diffusion mechanism (Connahs et al. 576 2019) . Genetic variation at these three genes could be interacting with the eyespot 577 differentiation process through unknown mechanisms. 578
We also identified new members of the Ras and Toll signaling pathways that have 579 previously been associated with eyespot development (Özsu and Monteiro 2017). Among our candidates we also have two transporters of pigment precursors into 608 pigment cells responsible for a fruit fly's eye color: White (w; BANY.1.2.g21276) 609 and scarlet (st; BANY.1.2.g21277). In our study white is one of the few genes that 610 has an associated SNP in the 7th intron. In Drosophila these two genes are 611 required, together with Brown, for normal pigmentation of the compound eye 612 (Merzendorfer 2014). The two transporters white and scarlet have been suggested 613 to import precursors of ommochrome pigments into butterfly scales, which are 614 necessary for yellow, red and brown colorations (Hines et al. 2012) . It is unclear, 615 however, how these genes might play a role in the regulation of eyespot number 616 variation. 617
Finally, we have identified several candidate genes with roles in pre-and post-618 transcriptional regulation (Dach1, ZC3H10, hhex, tll1, mbo, Eif4g3, and 619 Mi-2) and signal transduction (gpr180, PLEKHG4B, and TRAIP) that might play 620 a role in DHEN variation. Of particular interest is Dachshund homolog 1 (Dach1; 621 BANY.1.2.g00636), a gene that is involved in limb development and that is 622 Table  627 3). One of these intronic variants is annotated as putatively affecting a splice region 628 within an intron in Chromodomain-helicase-DNA-binding protein Mi-2 homolog 629 (Mi-2; BANY.1.2.g12184). Moreover, we observed non-synonymous mutations in 630 two different genes: Nuclear pore complex protein Nup88 (mbo; 631 BANY.1.2.g11151) with a Leucine to Proline substitution at position 584, and Zinc 632 finger CCCH domain-containing protein 10 (ZC3H10; BANY.1.2.g01110) with a 633
Isoleucine to Valine substitution at position 142 (Table 3 ; Supplemental Table S2) . 634
Future functional studies will be required to further implicate these genes in 635 eyespot development and eyespot number regulation. 636 The genetic variation uncovered in this work affects eyespot number variation on 663 the dorsal surface but not on the ventral surface of the wing. Thus, our work 664 suggests that the genetic variants identified with our analysis affect eyespot 665 number in a surface-specific manner. This surface-specific regulation is potentially 666 mediated via apA, a previously identified dorsal eyespot repressor (Prakash and 667
Effects
Monteiro 2018). The polygenic nature of our results proposes that genetic 668 variation at the loci identified above, e.g., Antp, Ubx, dpp, etc, rather than at the 669 apA locus itself regulates dorsal eyespot number. We can speculate that changes 670 in gene expression at the identified loci might impact the expression of apA in 671 specific wing sectors on the dorsal surface, ultimately controlling eyespot 672 differentiation in those regions. 673 674 Finally, the use of a genome-wide sequencing strategy allowed us to discover a 675 series of independent loci that appear to contribute to DHEN in B. anynana. These 676 loci, predominantly composed of (or linked to) polymorphisms in non-coding 677 DNA, suggest that changes in DHEN are mostly occurring in regions that regulate 678 the expression of previously known eyespot-associated genes. This study identifies 679 a polygenic architecture of hindwing eyespot number variation that might be most 680 likely mediated by epistatic interactions among a set of developmental genes. Thus, 681
while our work has enriched the list of genes involved in eyespot number variation, 682 it also confirms that variation at multiple genes, rather than at a single top master 683 regulator or input-output gene (such as shavenbaby or achaete-scute) is involved 684 in regulating number of serial homologs. This highlights a more complex, but still 685 poorly understood, genetic architecture for serial homolog number regulation. 686 687 Acknowledgements 688
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